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摘 要 
I 
摘 要 
表面等离子体耦合发射（Surface Plasmon-Coupled Emission，SPCE）是利用
金属近场作用范围内的受激分子与金属表面等离子体之间的耦合作用而建立起
来的一种新型的界面增强技术。因具有角度分辨性、偏振性、背景抑制作用等优
势，SPCE 在近年来发展迅速，主要应用于荧光方面，在拉曼散射方面的应用较
少且集中于 Kretschmann 模式的研究。将 SPCE 技术应用到拉曼散射上，有利于
改善拉曼散射的收集效率，提高检测灵敏度。金属膜上的传播表面等离子体
（PSP）与金属纳米颗粒上的局域表面等离子体耦合，能进一步增强拉曼散射。
同时，功能化的纳米颗粒作为可移动的拉曼活性基底，可进入细胞并提供细胞内
变化的指纹信息。由于拉曼光谱和 SPCE 都具有距离依赖性，结合拉曼光谱和
SPCE 的技术，可特异性地对细胞膜区的生命活动进行监测，有望发展为高空间
分辨率、快速成像、信息丰富的实时分析检测工具。本论文致力于发展表面等离
子体耦合拉曼光谱技术，并应用修饰简单的功能化纳米颗粒探针检测细胞受体介
导内吞作用过程，利用表面增强拉曼散射（SERS）和 SPCE 现象初步探究探针
与细胞之间的作用。论文分为以下四章： 
 
第一章是绪论。该章首先综述了 SPCE 的技术原理、光谱发射性质及其研究
进展；而后重点介绍 SPCE 在拉曼散射和细胞研究领域中的应用，以及纳米颗粒
作为拉曼基底应用于探索细胞内吞机理、靶向治疗等方面的发展现状；最后提出
了本论文的研究设想。 
 
第二章提出了反 Kretschmann 模式的表面等离子体耦合定向增强拉曼散射
（RK-SPCR），探讨了其角度分辨性、偏振性、增强效果以及耦合效率。研究表
明，利用 RK 模式直接在球面结构的空气侧入射，激励拉曼偶极与平滑金属膜上
的 PSP 耦合，在棱镜侧 46°处获得高定向发射、p 偏振的 SPCR 信号，比传统
SERS 信号强度增强 30 倍，与时域有限差分法（FDTD）理论模拟结果相符。通
过考察纳米颗粒覆盖率和球面间距对 SPCR 性质的影响，发现纳米颗粒可增强球
面间隙电场，同时也对 PSP 与拉曼偶极的耦合产生扰动，从而影响着表面等离
子体耦合的效率。RK-SPCR 操作简便、易于获得定向增强的拉曼信号，有利于
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提高拉曼散射的收集效率，有望简化拉曼光谱检测仪器，发展成为先进的生化检
测工具。 
 
第三章利用功能化拉曼探针探索了细胞识别和受体介导内吞作用。本章利用
叶酸作为拉曼标记和特异性配体修饰银膜纳米颗粒，制备了功能化表面增强拉曼
散射（SERS）探针。该探针的制备过程简单，细胞毒性小，可在复杂的细胞体
系中稳定存在。在功能化 SERS 探针的基础上，引入异硫氰酸罗丹明 B 作为荧光
探针分子，用于荧光成像。通过 SERS 光谱、共焦荧光成像辅助，监测了功能化
探针与细胞的作用。利用表面等离子体耦合发射荧光显微镜（SPCEM）初步探
究功能化探针的 SPCE 荧光现象，辅助验证探针与细胞的作用，我们观察到
SPCEM 成像强度是落射模式的 4 倍。研究表明，功能化探针通过与癌细胞膜上
的叶酸受体结合，识别癌细胞，并通过叶酸受体介导内吞作用进入细胞内。SPCE
可提高金属膜/细胞界面成像的空间分辨率，与 SERS 技术结合可望成为监测细
胞膜区的生命活动的有力工具。本章为发展 SPCE 与 SERS 结合的技术提供了基
础。 
 
第四章是结语与展望。总结了本论文主要研究工作及其创新性，并对研究工
作的进一步开展进行了展望。 
 
关键词：表面等离子体耦合发射；定向拉曼散射；表面增强拉曼散射；纳米颗粒；
细胞；受体介导内吞作用；表面等离子体耦合发射荧光显微镜 
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Abstract 
  Surface plasmon-coupled emission (SPCE) is a novel near-field enhanced technique 
based on the coupling between the excited molecules and the surface plasmons on the 
metallic surface. Owing to its unique properties of high directionality, p-polarization 
and background suppression, SPCE has been developed rapidly and mainly applied to 
fluorescence, while it is used less often in Raman scattering and focused on studying 
Kretschmann configuration. It is benefical to improve the collection efficiency and the 
sensitivity of Raman scattering by applying SPCE to Raman scattering. The 
propagating surface plasmons (PSPs) on metallic film can couple to the localized 
surface plasmons (LSPs) on the metal nanoparticles (NPs), and further enhance the 
Raman scattering. The functional NPs as portable and active Raman substrates are 
suitable for intracellular study and providing fingerprint information of changes in 
cell. It is anticipated to monitor the vital activities in cell membrane by combining 
Raman scattering and SPCE because of their unique distance dependence, which 
shows great potential to develop real-time analytical tool with high spatial resolution, 
rapid imaging and abundant information. This dissertation focused on surface 
plasmon-coupled Raman scattering and preliminary studying the receptor-mediated 
endocytosis process of functional nanoparticles by using surface enhanced-Raman 
scattering (SERS) and SPCE. It consisted of four chapters. 
  In the first chapter, a literature summarization was presented. Firstly, the principle, 
characteristics and research progress of SPCE were reviewed. Secondly, the 
application developments of SPCE in Raman scattering and cell were introduced. 
Thirdly, the applications of NPs as Raman substrates in investigating the mechanism 
of endocytosis, and target therapy were introduced.  
  In the second chapter, a simple approach to measure surface plasmon-coupled 
directional enhanced Raman scattering by means of the reverse Kretschmann 
configuration (RK-SPCR) was demonstrated. We studied the angular resolution, 
polarization, enhancement and coupling efficiency of RK-SPCR. Due to the coupling 
between the Raman dipole and PSPs on the smooth metallic film, highly directional 
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and p-polarized Raman scattering of 4-aminothiophenol (4-ATP) was observed on a 
nanoparticle-on-film substrate at 46° through the prism coupler with a sharp angle 
distribution. Due to the improved collection efficiency, the Raman scattering signal 
was enhanced 30-fold over the conventional SERS mode; this was consistent with 
finite-difference time-domain simulations. The coverage and the distance between the 
metal film and the NPs affected the coupling efficiency of propagated surface 
plasmons, because the NPs could enhance the electric field in NP-film gap and 
perturbed the coupling between PSPs and Raman dipoles. Possessing straightforward 
implementation and directional enhancement of Raman scattering, RK-SPCR is 
anticipated to simplify SERS instruments and to be broadly applicable to biochemical 
assays. 
  In the third chapter, the cell recognition and receptor-mediated endocytosis were 
investigated by using the functional Raman probe. The folic acid as a SERS tag and a 
specific ligand was modified on the Ag NPs to fabricate the functional SERS probes 
with simple synthesis, low toxicity and high stability in cell system. The interaction 
between functional probes and cells was studied through SERS spectra. RBITC 
labeling functional probes were used for the confocal fluorescence imaging to assist 
this study. We also used the surface plasmon-coupled emission microscope (SPCEM) 
to preliminary explore the SPCE phenomenon of the functional probes. The intensity 
of SPCEM image was observed to be 4 folds to the EPI mode image. Our results 
demonstrated that the functional probes could target cancer cells by binding to the 
folate receptor on membrane and were internalized through receptor-mediated 
endocytosis. SPCE can  improve the spatial resolution of images in the vicinity of 
the metal film-cell interface. Combining SPCE with SERS is expected to be a 
powerful tool for monitoring the vital activities occurred in the membrane. Our 
studies provided a basis to develop the technique combining SPCE with SERS. 
  In the fourth chapter, the innovation of this research was concluded and the 
prospect was predicted. 
 
Key words: surface plasmon-coupled emission; directional Raman scattering; 
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surface-enhanced Raman scattering; nanoparticle; cell; receptor-mediated endocytosis; 
surface plasmon-coupled emission microscope 
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1 
第一章  绪论 
1.1 表面等离子体耦合发射概述 
随着生化分析、临床诊断、药物筛选、质量监测等应用科学的迅速发展，人
们对分析方法的性能提出了更高的要求，使得传统的光学分析方法也面临着巨大
的机遇和挑战，开发高灵敏和高选择性的分析技术成为当下重要的课题。为了检
测低浓度或者复杂体系中的组分，研究者们提出并发展了许多新的光谱测定方法
和技术。其中，由美国 Maryland 大学 Lakowicz 课题组提出的表面等离子体耦合
定向发射（surface plasmon-coupled emission，SPCE）技术[1-6]，是近年来发展起
来的一种新型近场增强光学技术。由于其具有高度定向性、p 偏振性、波长分辨
性、距离依赖性和背景抑制性等特点，可有效地提高光信号的收集效率、检测灵
敏度和选择性，受到了越来越多研究者的关注。 
 
1.1.1 表面等离子体耦合发射的原理 
    在金属表面，自由电子运动受到表面的阻挡，形成电子浓度的梯度分布，并
产生沿着金属和介质界面传播的电子疏密波，即表面等离子体（surface plasmon，
SP）[7-8]。表面等离子体分为传播表面等离子体（propagating surface plasmon，PSP）
[9]和局域表面等离子体（localized surface plasmon，LSP）[10]。 PSP 通常出现在
平滑金属表面，可在金属-介质界面沿 x 和 y 方向进行传播，传播距离可达几十
到几百微米，但在 z 方向上的传播受阻；而 LSP 存在于金属纳米颗粒表面，在 x、
y 和 z 方向均受限而不能向外传播，如图 1.1 所示。 厦
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图 1.1 平滑金属膜表面的传播表面等离子体和金属纳米颗粒表面的局域表面等
离子体示意图[10]。 
Figure 1.1 Schematic diagrams illustrating (a) a propagating plasmon and 
(b) a localized surface plasmon.[10] 
   表面等离子体耦合定向发射（SPCE），是指在平滑金属表面近场范围内，激
发态分子产生的电磁场与金属薄膜的自由电子发生强烈的相互作用，引发表面等
离子体集体振荡，当受激分子发射的频率和表面等离子体的频率相当时，激发态
的分子与表面等离子体发生耦合作用，在棱镜侧波长对应的共振角度下定向辐射
的一种特殊现象[1, 4]。SPCE 在原理上与表面等离子体共振（surface plasmon 
resonance，SPR）[7, 11-14]有很多相似之处，可视为 SPR 的逆过程。 
光从光密介质进入光疏介质时，在界面处会发生反射和折射。当入射角度大
于临界角时，发生全反射，但入射光在光疏介质中产生的电磁波却并非完全消失，
而是深入一定的深度后逐渐被反射回去，产生随着穿透深度增加呈 e 指数形式衰
减的瞬逝波(evanescent waves)。当两介质间存在纳米级金属薄膜时，瞬逝波可
渗入到金属层并激发其表面的自由电子形成 PSP。当瞬逝波的频率与 PSP 振荡频
率一致时，二者发生共振，入射光能量被吸收，反射光能量急剧下降，产生 SPR
现象，在反射率曲线上出现共振吸收峰，其对应的角度称为 SPR 角（θSPR）。在
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